In the photosynthetic bacterium Rhodobacter sphaeroides, two genes, hemA and hemT, each encode a distinct 5-aminolevulinic acid (ALA) synthase isozyme (E. L. Neidle and S. Kaplan, J. Bacteriol. 175:2292Bacteriol. 175: -2303Bacteriol. 175: , 1993. This enzyme catalyzes the first and rate-limiting step in a branched pathway for tetrapyrrole formation, leading to the biosynthesis of hemes, bacteriochlorophylls, and corrinoids. In an attempt to determine the functions of hemA and hemT, mutant strains were constructed with specific chromosomal disruptions. These chromosomal disruptions allowed hemA and hemT to be precisely localized on the larger and smaller of two R. sphaeroides chromosomes, respectively. Mutants carrying a single hemA or hemT disruption grew well without the addition of ALA, whereas a mutant, HemAT1, in which hemA and hemT had both been inactivated required exogenous ALA for growth. The growth rates, ALA synthase enzyme levels, and the amounts of bacteriochlorophyllcontaining intracytoplasmic membrane spectral complexes of all strains were compared. Under photosynthetic growth conditions, the levels of bacteriochlorophyll, carotenoids, and B800-850 and B875 light-harvesting complexes were significantly lower in the Hem mutants than in the wild type. In the mutant strains, available bacteriochlorophyll appeared to be preferentially targeted to the B875 light-harvesting complex relative to the B800-850 complex. In strain HemAT1, the amount of B800-850 complex varied with the concentration of ALA added to the growth medium, and under conditions of ALA limitation, no B800-850 complexes could be detected. In the Hem mutants, there were aberrant transcript levels corresponding to the puc and puf operons encoding structural polypeptides of the B800-850 and B875 complexes. These results suggest that hemA and hemT expression is coupled to the genetic control of the R. sphaeroides photosynthetic apparatus.
In the facultative photosynthetic bacterium Rhodobacter sphaeroides, 5-aminolevulinic acid (ALA), the first committed intermediate in tetrapyrrole biosynthesis, is formed from glycine and succinyl coenzyme A (succinyl-CoA) by ALA synthase (succinyl-CoA:glycine C-succinyl transferase [decarboxylating] , EC 2.3.1.37). It has previously been shown that ALA formation regulates the production of hemes and bacteriochlorophylls (17) . ALA was also shown to affect the transcriptional control of the cytochrome c2 gene, cycA (30) . Despite key regulatory roles suggested for this metabolite, however, little is known about the mechanisms by which the formation of ALA is regulated or by which ALA-mediated regulation is exerted.
In R. sphaeroides, each of two genes, hemA and hemT, encodes a distinct ALA synthase isozyme (26) . Prior to the discovery of isozymes, many studies were interpreted on the assumption of a single ALA synthase. The validity of this assumption seemed to be supported by the isolation of a mutant R. sphaeroides strain, H-5, lacking ALA synthase activity (18) . The H-5 and wild-type strains, however, differ not only in the levels of ALA synthase activity but also in the abilities to transport ALA (18) . It is likely that this strain carries multiple genetic lesions, although the precise mutations are not known. To determine the physiological functions of both ALA synthases, as well as to clarify the regulatory role of ALA, strains with defined mutations in the hemA and hemT genes were needed.
In this study, we constructed mutant strains with specific unknown. The puc operon encodes the B800-850-,B and -at polypeptides as well as downstream genes, some of which may be involved in assembly of the B800-850 complex (14) . As described in this report, the membranes of the HemA and HemT mutants were found to contain less bacteriochlorophyll per milligram of protein than did the wild type. The amount of the B800-850 complex relative to that of the B875 complex was lower in each of the Hem mutants than in the wild type, and some of these effects were reflected at the transcriptional level as differences in puf and puc operon expression.
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. Bacterial strains and plasmids are listed in Table 1 . R sphaeroides strains were grown with Sistrom's succinic acid minimal medium (21) , supplemented as needed with antibiotics (26) . R. sphaeroides cultures were grown aerobically at 30°C either on a rotary shaker or sparged with 30% 02-69% N2-1% CO2. Photosynthetic cultures were grown photoheterotrophically in the light (10 W/m2) either in completely filled screw-cap tubes or sparged with 95% N2-5% CO2. Some cultures were grown in the dark with 80 mM dimethyl sulfoxide as the terminal electron acceptor. Escherichia coli strains were grown at 37°C with Luria broth (22) supplemented as needed with antibiotics (26) . Strain SASX41B was maintained with 1 mM ALA. Strains DH5ao (2) and JM101 (25) were used as plasmid hosts, and strain S17-1 (31) was used as a donor in the transfer of plasmids to R. sphaeroides by conjugation (36) . Isopropyl-13-D-thiogalactoside (40 ,uM) and 5-bromo-4-chloro-3-indolyl-3-D-galactoside (30 ,ug/ml) were used to monitor 3-galactosidase activity in the construction of plasmids. Bacterial cell growth was monitored turbidometrically with a Klett-Summerson colorimeter ( 9 with an extinction coefficient of e = 96 mM-1 cm-, normalized for three molecules of bacteriochlorophyll a per complex (24) . The B875 complex levels were determined from A878820 with an extinction coefficient of e = 73 mM-' cm-', normalized for two molecules of bacteriochlorophyll a per complex (24) . Total levels of bacteriochlorophyll and carotenoid were determined following acetonemethanol extractions of the membrane samples by using the extinction coefficients of £775 = 75 mM-1 cm-1 and 8484 = 128 mM-1 cm-' for bacteriochlorophylls and carotenoids, respectively (41) .
RESULTS
Subcloning and localization of hemA and hemT. A 3.1-kb R. sphaeroides hemT region was previously identified (36) . The hemT region was further localized to a 1.8-kb DNA fragment generated by restriction endonuclease BamHI, which complemented the E. coli ALA auxotroph SASX41B (Fig. 1) . Deletion of 210 bp between XhoI restriction endonuclease sites eliminated the ability of the BamHI fragment to complement strain SASX41B as did the insertion of an fQ cartridge Smr Spr marker (28) , replacing the 210-bp XhoI fragment (pUI1008, Fig. 1 ). The hemT gene was poorly expressed in E. coli, requiring the presence of a vector promoter (Fig. 1) .
The hemA region, previously identified on a 7.0-kb DNA fragment (36) , was also localized by complementation. The smallest hemA region able to complement SASX41B was a 1.7-kb DNA fragment generated by restriction endonucleases NaeI and BamHI. The hemA gene in either orientation relative to the vector lac promoter allowed complementation, and high expression levels resulted in a red-colored appearance of hemA-carrying E. coli strains. The ability of the hemA region to complement the E. coli mutant was eliminated by insertion of an fl Kn cartridge at a BglII restriction endonuclease site (pUI1006, Fig. 1 ).
Construction of hemA and hemT chromosomal gene disruptions by omega cartridge interposon mutagenesis. The fi cartridge hemT and hemA disruptions of plasmids pUI1008 and pUI1006, respectively, were used in the construction of pSUP202-based plasmids pUI1009 and pUI1007 ( Fig. 1) ( Table 1) . Plasmid pUI1009 was introduced into R. sphaeroides wild-type 2.4.1, in which it cannot replicate, by conjugation. One Smr Spr Tcs transconjugant was designated HemT1 after Southern hybridization analysis confirmed that the specifically disrupted hemT replaced the chromosomal wild-type gene (data not shown). Plasmid pUI1007 was similarly used to generate a hemA mutant with kanamycin used to select transconjugants. In this case, one KnrTcs strain was designated HemAl after the chromosomal configuration of the disrupted hemA locus was confirmed by Southern hybridization analysis (data not shown).
In initial experiments, it was not known whether hemA or hemT mutants would require exogenous ALA for growth. Selections for transconjugants were performed in the presence or absence of 1 mM ALA in the growth medium. Similar results were obtained with each condition. Mutants HemAl and HemT1 were selected in the absence of ALA and did not require it for growth. The HemA and HemT mutants which were selected in the presence of ALA behaved identically to HemAl and HemT1 under all growth conditions tested.
A mutant in which both the hemA and hemT genes were disrupted was isolated. HemT1 was used as the recipient for plasmid pUI1007. Transconjugants which were Knr Smr Spr Tcs were obtained only in the presence of 1 mM ALA in the growth medium. One such transconjugant was designated HemAT1 after Southern hybridization analysis confirmed that the specifically disrupted hemA and hemT genes had replaced the corresponding wild-type loci.
Chromosomal localization of hemA and hemT. Chromosomal integration of the fQ cartridges in the Hem mutants introduced recognition sequences for the rare-cutting restriction endonuclease AseI, an enzyme which has previously been used by Suwanto and Kaplan to generate a physical map the R. sphaeroides genome (33, 34) . Pulsed-field gel electrophoresis analysis of DNA from HemAl, HemT1, and HemAT1 allowed the precise localization of the AseI recognition sequences of the fQ cartridges relative to reference AseI recognition sequences of the genomic map (data not shown). In addition, Southern hybridization analysis with probes from the hemA4 and hemT genes upstream and downstream of the fQ insertions allowed the direction in which each gene is transcribed to be deduced (data not shown). The hemA gene was located 5 kb from a reference AseI site on the larger of the two R. sphaeroides chromosomes, transcribed in a counterclockwise direction as depicted (Fig. 2) . The hemT gene transcribed in a clockwise direction, as depicted in Fig. 2 , was located 18 kb from a reference AseI site on the smaller of the two chromosomes.
Growth rates and ALA synthase levels of HemAl, HemT1, and HemAT1. Strains HemAl and HemT1 were able to grow aerobically and photoheterotrophically without exogenous ALA at rates slightly lower than that of the wild type ( approximately twofold faster with 0.2 mM ALA than with 0.02 mM ALA. Increasing the final ALA concentration in the medium to 2 mM ALA did not further increase the growth rate (Table 2) .
ALA synthase activities of strains HemAl, HemT1, HemAT1, and 2.4.1 were measured in cells grown aerobically or photoheterotrophically (Table 2) . No ALA synthase activity was detected in HemAT1. In strains HemAl, HemT1, and wild-type 2.4.1, ALA synthase levels were comparable. Approximately threefold-higher enzyme levels were detected in strains grown photoheterotrophically compared with those grown aerobically.
Effects of exogenous ALA on growth of the wild type and Hem mutants. In the wild type, added ALA has been shown to inhibit both growth and bacteriochlorophyll biosynthesis, and in the presence of ALA, under certain growth conditions, extracellular pigments accumulate (16) . The growth rates of the HemAl and HemT1 strains in the presence of ALA were compared with that of the wild type. All strains behaved similarly. Under aerobic conditions, the addition of 1 mM ALA to the growth medium increased the generation time of each strain two-to threefold (data not shown). The addition of 1 mM ALA to the growth medium of a photoheterotrophic culture of strain HemAl, HemT1, or 2.4.1 resulted in a 2-to 3-day lag period compared with an identically inoculated culture containing no ALA. After the lag period, growing cultures exhibited various growth rates, but all grew more slowly than the control samples without ALA (data not shown). Under aerobic or photoheterotrophic conditions, the addition of ALA had no inhibitory affects on strain HemAT1, which had an absolute requirement for ALA for growth (data not shown).
Spectral analyses of membrane preparations. The absorption spectra of membrane samples from photoheterotrophically grown wild-type and Hem mutant strains are shown in Fig. 3 . Absorption peaks with maxima at 800 and 850 nm correspond to the B800-850 (LHII) complex, and those with a maximum at 875 nm correspond to the B875 (LHI) complex. The major absorption peaks in the 400-to 500-nm range correspond to carotenoids. As a control to detect any differences that might have resulted from photosynthetic growth selective pressures, HemAl and HemT1 mutants that had not previously been grown photosynthetically were grown anaerobically in the dark with dimethyl sulfoxide as a terminal electron acceptor. Under these growth conditions, the intracytoplasmic membrane is induced but is not needed for growth (15 ited spectra similar to those of HemAl and HemT1 in Fig. 3 , with no obvious differences detected (data not shown).
The total amounts of all spectral complexes in the intracytoplasmic membranes of strains HemAl, HemT1, and HemAT1 were lower than those of the wild-type 2.4.1, and the relative amounts of the B800-850 and B875 complexes varied in the mutants compared with the wild type. These results are reflected in quantitative determinations of the amounts of the B800-B850 and B875 complexes ( Table 3 ). The ratio of the B875 to B800-850 complexes in the wild type was 0.9, whereas in all of the mutants this ratio was greater (Table 3 ). The amount of spectral complexes per milligram of crude membrane protein in the HemAT1 mutant depended on the concentration of ALA in the growth medium. The amounts of B800-850 complexes were especially sensitive to exogenous ALA concentrations. The total amounts of bacteriochlorophylls and carotenoids in the membranes were also determined and found in the Hem mutants to be lower than those of the wild type (Table 3) .
Expression of the puc and puf operons in the Hem mutants. Northern hybridizations were used to study expression of thepuc and puf operons encoding structural polypeptides of the light-harvesting complexes. Transcripts of these operons in R. sphaeroides have been well characterized. Transcripts with sizes of 2.3, 1.3, and 0.5 kb were detected with a puc operon probe, although the 1.3-kb transcript has been shown to be a heterologous signal (Fig. 4) (20) . The 2.7-and 0.5-kb transcripts are associated with expression of thepuf operon (Fig. 5) (9, 43) . RNA from strains 2.4.1, HemAl, HemT1, and HemAT1 grown aerobically or photoheterotrophically were hybridized with puc-and puf-specific probes (Fig. 4  and 5) .
In strain HemAl, the anaerobic puc and puf transcript levels were low relative to those of the wild type, 46% and 70%, respectively ( Fig. 4 and 5) . The lower levels of transcripts correlated well with the reduced levels of B800-850 and B875 complexes found in the HemAl cell membranes (Table 3) . In strain HemAT1, the puc and puf transcript levels were also low relative to those of the wild type; in this strain they depended on the concentration of ALA in the growth medium. ALA increased the anaerobic levels of puc and puf transcripts in HemAT1 by factors of 3 and 2, respectively. The low transcript levels, however, were still relatively higher than the levels of the respective complexes detected in the cell membranes (Table 3) . For example, strain HemAT1, grown with 0.02 mM ALA, had no detectable B800-850 complexes, yet the correspondingpuc transcript levels were 25% of those of the wild type. The levels of B875 complexes were only 18% of those of wild type, whereas the correspondingpuf transcript levels were 50% of wild-type values. These results suggest that hem gene disruption in HemAT1 affected both transcriptional and posttranscriptional regulation of photosynthetic LH complex expression. The hemT disruption alone, however, resulted in both higher levels of puc (160%) and puf (140%) transcripts and lower amounts of the cognate B800-850 (44%) and B875 (50%) complexes, relative to those of the wild type (100%). These results suggest that the hemT locus plays a role in regulating spectral complex formation in R. sphaeroides even though wild-type hemT expression has not been detected. In this case, transcriptional and posttranscriptional regulation mechanisms appear to be uncoupled, with higher puc and puf transcript levels resulting in lower levels of properly assembled complexes in the intracytoplasmic membranes.
The effect of ALA availability on puc and puf operon transcriptional expression was not only limited to photosynthetic growth but was also observed under aerobic growth conditions when the spectral complexes are not formed. There are normally low levels of aerobicpuf transcripts and even lower aerobic levels of puc transcripts. The aerobic levels ofpuf transcripts in mutant HemAT1 grown with 0.02 or 0.2 mM ALA were especially low, only 18 and 12%, respectively, of the aerobic level in the wild type (Fig. 5) . Aerobic puc transcripts were not detected in RNA from HemAT1 (Fig. 4) .
DISCUSSION
Complementation of an E. coli ALA auxotroph with R. sphaeroides DNA. Although E. coli, which utilizes a different biosynthetic pathway for ALA formation (1), does not have an ALA synthase, hemA and hemT from R. sphaeroides can each complement the ALA auxotrophic strain SASX41B. Endogenous pools of glycine and succinyl-CoA in E. coli are apparently used by the R. sphaeroides synthase in providing ALA for heme biosynthesis. The lac promoters of the hemzA vectors were not needed for complementation (Fig. 1) ; E. coli may therefore be able to recognize the R. sphaeroides hemA promoter. Complementation, however, which was observed under aerobic conditions, was not observed with hemA4 under anaerobic conditions (26a). Under anaerobic conditions, it is possible that the Fnr protein binds to the anaerobox consensus sequence found upstream of hemA, thereby preventing transcription of the gene (8, 26) .
Chromosomal localization of hemA and hemT. Although a single hemA gene is found in other bacteria, including Rhodobacter capsulatus (3, 12) , two homologous ALA synthase-encoding genes have been maintained in R. sphaeroides. In this bacterium, there are several homologous genes, each located on a different chromosome (13, 33, 34) . It has been suggested that this arrangement provides the possibility of increasing genetic diversity without risking loss from recombination that could occur if homologs were to reside on a single genetic linkage group (11) . Although the function of the hemT gene in the wild-type R. sphaeroides strain is not evident (26) , it clearly provides a genetic reserve. Expression of hemT allows nearly normal growth of a mutant in which hemA is disrupted. Neither gene lies near other known photosynthetic genes; the hernA gene is separated by approximately 275 kb from the chromosomal region of the puc, puf, and puh genes needed for photosynthetic growth (Fig. 2) (13, 15) . Despite the physical separation, however, expression of the hem genes affects that of thepuc and puf operons.
Growth rates and ALA synthase levels in hemA and hemT mutants. Enzyme measurements in the Hem mutants indicated that a single functional hemA or hemT gene is sufficient to provide approximately wild-type ALA synthase levels. The threefold-higher enzyme levels found in strains grown photoheterotrophically compared with strains grown aerobically correlated well with higher photoheterotrophic transcript levels (26) . Despite normal levels of ALA synthase, A.
B. C. however, the HemAl and HemT1 mutants grew slower than the wild type, suggesting more-complex effects of the mutations. In vitro measurements of ALA synthase may also differ from those in vivo, since previous studies have shown that oxidation-reduction states can affect enzyme activation (5, 17, 27, 29, 38) .
As expected, no ALA synthase activity was observed in strain HemAT1. In this strain, exogenous ALA was required for growth. ALA at a final concentration of 0.2 mM provided maximal growth rates, comparable to those of the HemAl and HemT1 mutants. At this concentration, HemAT1 grew at a rate twice that of the same strain supplemented with 0.02 mM ALA. Calculations based on the levels of all tetrapyrroles in R sphaeroides (7) indicated that the lower concentration of ALA should be sufficient to satisfy cell needs, suggesting, therefore, that exogenous ALA transport, metabolism, or regulation in HemAT1 prevents efficient utilization of the added ALA. In strain HemAT1, however, the higher level of 2 mM ALA had no adverse effect on growth. This concentration of ALA inhibited the growth of the wild-type, HemAl, and HemT1 strains, particularly under photoheterotrophic conditions. ALA inhibition could be mediated through ALA synthase. Under photosynthetic conditions, added ALA has previously been shown to decrease bacteriochlorophyll levels in the wild type and cause pigment accumulation (16) . In strain HemAT1, however, growth with 2 mM ALA compared with that with 0.2 mM ALA led to higher levels of bacteriochlorophyll ( (15) . The high ratio of B875/B800-850 observed in the Hem mutants (Table 3) is consistent with the ability of R. sphaeroides to withstand large fluctuations in the amounts of B800-850 complexes. In addition, these results suggest that under conditions of limited bacteriochlorophyll, available bacteriochlorophyll is preferentially targeted to the B875 complexes rather than to the B800-850 complexes. Because the ratio of B875 to reaction center complexes is constant, the channeling of bacteriochlorophyll to the reaction centers would also be expected.
In strain HemAT1, the total amount of membrane spectral complexes depended on the concentration of ALA in the growth medium. The amount of the B800-850 complex was especially sensitive to ALA concentration. Under the most limiting conditions, with 0.02 mM ALA, HemAT1 had only 10% of wild-type bacteriochlorophyll levels. Under these conditions, no B800-850 complexes were detected. The small absorption peak with a maximum near 800 nm (Fig. 3) corresponded to reaction centers; this peak is normally obscured by the absorption peaks of the B800-850 complexes. With 0.2 mM ALA, HemAT1 grew at maximal rates, yet the relative B800-850 complex levels were low, with a ratio of B875 to B800-850 complexes of 4.2. This ratio is comparable to that found with wild-type cells grown at extremely high light intensities. With the higher level of 2 mM exogenous ALA, the growth rate of HemAT1 did not increase. The B800-850 complex levels, however, increased to approximately those of the HemAl and HemT1 mutants, providing a ratio of B800-850 to B875 complexes comparable to that of wild-type cells grown at light intensities of 100 W/m2, despite the light intensity of 10 W/m2 used in these studies.
In previous studies of the R. sphaeroides ALA auxotroph H-5, it was shown that the synthesis of certain photosynthetic proteins was correlated with exogenous ALA addition (37) . Although these proteins could not be positively identified at that time, in subsequent studies these proteins of the intracytoplasmic membrane were characterized (6) . A comparison of these reports suggests that synthesis of the ao and 1B polypeptides of the B800-850 complex are among the H-5 proteins whose synthesis depended on added ALA.
Transcription of the puc and puf operons in the Hem mutants. Transcript levels were low in strain HemAT1 of the pucBA operon which encodes structural proteins of the B800-850 complex (14) . The HemAT1 puc transcript levels were dependent on ALA concentrations, indicating that the ALA-associated regulation of the B800-850 complex has a transcriptional component. A similar consensus sequence that might bind an oxygen-sensitive Fnr-like transcriptional regulator has been noted upstream of both the pucBA (19) operon and the hemA gene (26) . A common transcriptional regulator could help to couple the synthesis of ALA and puc-encoded proteins. Additionally, oxygen regulation is implicated in coupling ALA availability to puc and puf transcription since these transcript levels were undetectable or especially low compared with those of the wild type in aerobically grown strain HemAT1.
Transcriptional regulation alone is not sufficient to account for the low levels of B800-850 complexes in the Hem mutant membranes. The puc transcripts are low in strain HemAT1 with 0.02 mM ALA; but, although the puc transcripts were 25% of the wild-type levels, no B800-850 complexes were detected in the membranes of this strain. In addition, despite low levels of the light-harvesting complex in strain HemT1, puc and puf transcript levels were high compared with those of the wild type. With high transcript levels and presumably excess apoproteins, bacteriochlorophyll levels may determine the amount and ratio of each complex by acting through affinity to specific assembly factors. Excess apoproteins could be controlled through protein turnover. Previous suggestions of posttranscriptional regulation of pigment-protein complexes have included the identification of genes, upstream of the puhA gene and downstream of pucBA, that encode putative assembly factors for the B875 and B800-850 spectral complexes, respectively (20, 32) . Characterizations of strains HemAl, HemT1, and HemAT1, with known hemA and hemT disruptions, provide a first step in exploring the role of ALA formation in linking bacteriochlorophyll synthesis with formation and assembly of the photosynthetic apparatus in the R. sphaeroides intracytoplasmic membrane.
